MYB-type transcription factors (MYB TFs) play diverse roles in plant development and stress responses. However, the mechanisms underlying the actions of MYB TFs during stress response remain unclear. In this study we identified a R2R3-MYB TF in soybean (Glycine max), denoted GmMYB84, which contributes to drought resistance. Expression of GmMYB84 was induced by drought, salt stress, H 2 O 2 and ABA. Compared with the wild type (WT), GmMYB84-overexpressing soybean mutants (OE lines) exhibited enhanced drought resistance with a higher survival rate, longer primary root length, greater proline and reactive oxygen species (ROS) contents, higher antioxidant enzyme activities [peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD)], a lower dehydration rate and reduced malondialdehyde (MDA) content. We also found that ROS could induce SOD/POD/CAT activity in OE lines. In particular, we found that the optimal level of ROS is required for GmMYB84 to modulate primary root elongation. Some ROSrelated genes were up-regulated under abiotic stress in GmMYB84 transgenic plants compared with the WT. Furthermore, electrophoretic mobility shift assay and luciferase reporter analysis demonstrated that GmMYB84 binds directly to the promoter of GmRBOHB-1 and GmRBOHB-2 genes. Based on this evidence, we propose a model for how GmMYB84, H 2 O 2 and antioxidant enzymes work together to control root growth under both optimal and drought stress conditions.
Introduction
ental factor that seriously impairs plant growth and agricultural production. Dehydration can induce a wide range of molecular, physiological and biochemical events in plants, enabling them to sense and rapidly adapt to the stressDrought is an adverse environm (Bhargava and Sawant 2013) . Thus it is important for crop production to identify key genes which significantly enhance drought stress tolerance. Biochemical, molecular and genetic tools (Ma et al. 2010 ) have been applied to identify a number of genes that are important in responses to drought stress. Expression of these functional genes is predominantly regulated by transcription factors (TFs) through specific binding to their cis-acting elements (Hu et al. 2010) . These TFs come from the bZIP, NAC, AP2, WRKY, PHD, DREB or MYB families. Overexpression of these TF genes usually increases plants' drought resistance ability (Liu et al. 2012 , Ying et al. 2012 , Zong et al. 2016 .
MYB proteins form one of the largest TF families in plants (Riechmann et al. 2000) and are characterized by a highly conserved DNA-binding sequence at the N-terminus, the MYB domain (Stracke et al. 2001) . According to the number of repeats in the MYB domain, members of the family can be classified into four subfamilies: 1R-MYB, R2R3-MYB, 3R-MYB (R1R2R3-MYB) and 4R-MYB (Du et al. 2009 , Baldoni et al. 2015 . Each repeat contains about 52 amino acid residues and forms three a-helices, the second and the third of which are involved in the formation of a helix-turn-helix (HTH) fold (Dubos et al. 2010 ). The C-terminal region part of MYB TFs is flexible, functioning as a trans-acting domain (TAD) responsible for the regulatory activity (He et al. 2016) . R2R3-MYB genes, with two repeats, constitute the largest MYB subfamily in plants. Many MYB TFs are involved in a range of physiological and biochemical processes (Karpinska et al. 2004) including developmental control and cell fate determination (Oppenheimer et al. 1991, Lee and Schiefelbein 1999) , response to stress and hormones (Magaraggia et al. 1997 , Hoeren et al. 1998 , Jin and Martin 1999 , signal transduction (Gubler et al. 1995 , Iturriaga et al. 1996 , pathogen defense (Yang and Klessig 1997) , and xylogenesis and lignin biosynthesis (Tamagnone et al. 1998 , Lauvergeat et al. 2002 , Oh and Han 2003 , Newman et al. 2004 , Omvedt 2013 .
The expression of many MYB genes is regulated by drought stress. For example, 65% of the MYB genes expressed in rice (Oryza sativa) seedlings were differentially regulated by drought stress (Katiyar et al. 2012) . It has also been found that 51% of AtMYB genes are up-regulated and 41% down-regulated by drought (Zimmermann et al. 2004) . The majority of R2R3-MYB proteins are involved in drought response in plants, including AtMYB2 and AtMYB15 which play crucial roles in ABA-dependent drought stress responses (Abe and Yamaguchi-Shinozaki 2003) . Overexpression of TaMYB30-B and TaMYB19-B improves drought stress tolerance in transgenic Arabidopsis , Zhang et al. 2014 , while AtMYB96 has been reported as a molecular link that mediates ABA-auxin cross-talk in drought stress response and lateral root growth, providing an adaptive strategy under drought (Seo et al. 2009 ) and other stresses (Baldoni et al. 2015) . Although there has been much progress in the identification and functional analyses of MYB genes in model plants, less is known about the function of the MYB family in soybean because of its huge and complex genome.
Soybean is a major agricultural crop, and provides large amounts of protein and oil, but its growth and yield are severely affected by drought stress. Under drought stress, the photosynthetic rate of soybean was reduced (Vu et al. 1987 , Hao et al. 2013 . Therefore, identification and understanding of drought response genes and mechanisms in soybean will help to improve the yield and quality of soybean . So far, several abiotic drought-inducible genes have been identified and characterized in soybean, including GmDREB1 (Kidokoro et al. 2015) , GmST1 (Ren et al. 2016) , SUB1 (Syed et al. 2015) , GmWRKY20 (Luo et al. 2013 ) and ALDH7 (Rodrigues et al. 2006) . H 2 O 2 is considered to be an important signal involved in the adaptive response to various stresses, especially drought (Bowes 1987 , Hao et al. 2013 . Proteomic analysis has shown that H 2 O 2 -induced proteins are involved in plant signaling during cell elongation and division , but the mechanisms of how soybean responds and adapts to drought remain largely unknown. Here, we identified a new R2R3-MYB in soybean and constructed GmMYB84 overexpression soybean lines. The OE lines effectively improve drought tolerance, with longer primary roots and a significant increase in the expression levels of some drought stress-related genes.
Results

GmMYB84 is an R2R3-MYB transcription factor in soybean
We used Affymetrix microarray profiles generated by probing with RNA extracted from salinity-stressed and non-stressed plants to profile soybean gene expression ). Of the 448 GmMYB genes identified, 15 appeared to be upregulated by salt stress (>2-fold change of hybridization signal, P <0.01). These included 14 unknown cDNA clones with fulllength open reading frames (ORFs) which were homologous to other plant MYB TFs.
Further analysis showed that the predicted translation product of one GmMYB gene (GmMYB84) contained two conserved MYB domains. Sequence analysis showed that GmMYB84 (ID: Glyma.05G234600) comprises 1,529 nucleotides with a 954 bp ORF (http://www.phytozome.net). The GmMYB84 protein consists of 317 amino acids with a calculated molecular mass of 36.52 kDa (http://www.expasy.org/tools) and a pI of 7.70.
It contains 35 negatively charged (aspartate and glutamate) and 36 positively charged residues (arginine and lysine). Protein structure analysis revealed that GmMYB84 belongs to the 20th subgroup of the R2R3-MYB family with two imperfect repeats (R2 and R3) (Fig. 1A) . Because of the association of R2R3 proteins with drought resistance, we therefore chose GmMYB84 for further study. The protein is hydrophilic (http://web.expasy.org/protscale/) and a non-transmembrane protein (http://www.cbs.dtu.dk/services/TMHMM/). The three-dimensional structure of GmMYB84 was built up based on homology modeling using the PyMOL Molecular Graphics System, taking the structure of c-Myb-C/EBP b co-operation (Tahirov et al. 2002) as a template (SMTL ID: 1h8a.1, 44.34% amino acid sequence homology) (https://www.swissmodel. expasy.org/) (Fig. 1B) . Blasting the amino acid sequences of Glycine max, Arabidopsis thaliana, Medicago truncatula and O. sativa MYB proteins showed that GmMYB84 had high homology to AtMYB116 ( Fig. 1C ; Supplementary Fig. S1 ), which is known to be involved in defense-related pathways, such as drought and salt response (Du et al. 2012b) .
To investigate the subcellular localization of the GmMYB84-encoded protein, 35 S::GFP and GFP-GmMYB84 fusion constructs were used for transient expression assays in protoplasts (A. thaliana). Green fluorescent protein (GFP) control distributed evenly in the nucleus and the cytoplasm, but the GFP-GmMYB84 fusion protein was exclusively detected in the nucleus (Fig. 2A) .
The transactivation ability of GmMYB84 was analyzed using a yeast assay system. GAL4 DNA-binding domain (BD)-GmMYB84 fusion plasmids were transformed into yeast cells and assayed for their ability to activate transcription of the marker HIS3 gene. A yeast transformant with an empty vector (pDEST32) was used as control. Both the yeast transformants grew freely on the medium without leucine. However, on the medium supplemented with 10 mM 3-amino-1,2,4-triazole (3AT) but lacking histidine, the control could not grow at all, while those carrying GmMYB84 fusion plasmids grew, but less readily than on the leucine-free medium (Fig. 2B) . Consistent results were obtained for b-galactosidase activity. Fig. 2B shows that full-length GmMYB84 had transactivation capacity.
GmMYB84 is induced by drought and ABA
Tissue-specific analysis showed that GmMYB84 was expressed at a high level in soybean roots and flowers, but at a relatively lower level in stems (Fig. 3A) . We also examined the effects of various environmental stresses on GmMYB84 expression. The gene was significantly induced from 1 to 24 h under H 2 O 2 exposure (Fig. 3B) . GmMYB84 expression was also significantly elevated by ABA (Fig. 3C) , drought ( Fig. 3D ) and high salt (Fig. 3F) ; however, this induction was almost completely suppressed by fluridone (an ABA synthesis inhibitor) (Fig. 3E) . These results suggest that the GmMYB84 might be involved in the ABA-mediated drought stress response.
S::GmMYB84 transgenic soybean enhanced drought tolerance
To confirm whether the overexpression of GmMYB84 could improve soybean drought tolerance, we constructed GmMYB84-overexpression soybean (W6823 cultivar) transgenic lines (OE lines) ( Fig. 4A, B ; Supplementary Fig. S2 ). The homozygous T 3 lines were examined under drought stress. As expected, they showed enhanced resistance to drought, with a survival rate significant higher than that of WT plants (85% vs. 20%) (Fig. 4C, D) . Measurements of the rate of water loss and relative water content (RWC%) of the leaves showed similar results (Fig. 4E) . Compared with OE lines, the water content of the WT leaves rapidly decreased upon exposure to drought stress (Fig. 4F) .
We then compared the concentrations of proline, soluble sugar, malondialdehyde (MDA) and the activities of peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD) under mannitol stress. Contents of proline and soluble sugar were significantly higher in OE lines than in the WT (Fig. 5A, B) , suggesting that the cytoplasm of OE lines was more stable and effective in preventing dehydration damage. Fig. 5C -E shows that significantly higher POD, SOD and CAT activities were detected in the OE lines than in the WT under mannitol or H 2 O 2 conditions for 24 h. The increase of these indicators implied that the OE lines cells could more rapidly and effectively remove peroxide to maintain the integrity of the cell structure under drought stress. Also, under mannitol stress, the MDA levels of OE lines dropped more rapidly than in the WT, suggesting that less cell membrane damage occurred in OE lines than in the WT (Fig. 5F ).
Overexpression of GmMYB84 increased reactive oxygen species (ROS) production to induced SOD/ CAT/POD activity NADPH oxidase (NOX) activity has been shown to correlate with the formation of O 2 Á -, the intermediate product of H 2 O 2 degradation (Foreman et al. 2003 , Mittler et al. 2004 ). We therefore examined the concentration of O 2 Á -and the NOX activity in soybean roots and leaves. Nitroblue tetrazolium (NBT) staining showed that OE lines accumulated more O 2 Á -in roots and leaves than in the WT under control and mannitol conditions for 12 h (Fig. 6A, B) . Similar results for NOX activity were found in OE plants (Fig. 6C) . We also used DAB (3,3-diaminobenzidine) to detect H 2 O 2 contents in both OE and WT lines. As expected, higher levels of H 2 O 2 accumulated in OE lines than in the WT (Fig. 6D-F) , showing that overexpression of GmMYB84 in soybean greatly promoted accumulation of ROS under mannitol stress conditions for 12 h. Interestingly, when exposure to mannitol was prolonged to 24 h, the WT induced more ROS than OE lines. ROS possibly induced SOD/CAT/POD scavenging activity against ROS.
Highly efficient ROS generation and scavenging is important for plant drought stress tolerance
Because drought stress and cellular ROS levels have been reported to affect plant growth and development, we examined plant phenotypes, such as root formation, DAB and NBT staining under normal or stress conditions in both WT and OE lines. Under normal growth conditions, OE lines and the WT showed no difference in root development. However, in the presence of 300 mM mannitol, primary root development of the WT was severely inhibited, while OE lines were insensitive (Fig. 7A, B) . We also see the same results in Arabidopsis ( Supplementary  Fig. S3 ). To investigate further whether GmMYB84 modulates primary root elongation through ROS accumulation, we performed a root length assay in the presence of the H 2 O 2 biosynthesis inhibitor diphenyleneiodonium chloride (DPI). Our DPI experiment demonstrated that, under drought stress, WT plants produce ROS to inhibit root growth. However, there was no difference in primary root length elongation under normal or stress conditions in OE lines (Fig. 7A, B) . So, we performed DAB and NBT staining to detect the ROS content in both lines under normal or stress conditions (Fig. 7C, D) . The experiment showed that the ROS contents were higher in WT than OE plants when under mannitol plus DPI for 48 h (Fig. 7E) . These results suggest that the primary root elongation of the WT was inhibited by increasing their ROS content under stress. It is possible that the ROS have a dosage effect on soybean root elongation.
Altered stress-related gene expression in GmMYB84 transgenic plants
To examine the molecular mechanisms underlying the function of GmMYB84 in drought resistance, expression levels of a number of drought-responsive genes were analyzed by realtime PCR. The results showed that expression of GmRD22, GmP5CS and GmRBOHB genes, which contribute to drought stress tolerance, were enhanced in the OE lines under both drought and normal conditions ( Fig. 8A-D) , suggesting that GmMYB84 might regulate the expression of these downstream genes.
To unravel the importance of GmMYB84 in ROS regulation further, we tested the ROS-scavenging genes in transgenic Arabidopsis plants. As shown in Fig. 8E -P, the expression of ROS-scavenging genes, such as catalase 1/2/3 (CAT1/2/3), Fe superoxide dismutase (FeSOD1/2/3), Cu/Zn superoxide dismutase (Cu/ZnSOD1/2/3) and peroxidase family genes (At5g24070, At4g25980 and At5g19890), was up-regulated in GmMYB84 transgenic Arabidopsis plants under H 2 O 2 treatment for 24 h. These results indicate that H 2 O 2 induced high expression of ROS-scavenging genes.
Web-based sequence analysis revealed that the GmRBOHB gene promoter contains conserved sequence motifs that are similar to the known binding sequence (TAACTG) of MYB induced by drought (Urao et al. 1993) (Fig. 9A ). An electrophoretic mobility shift assay (EMSA) experiment showed that GmMYB84 could strongly and specifically bind to MYB-binding site I (MBSI) in the promoters of GmRBOHB-1 and GmRBOHB-2 (Fig. 9B) . To confirm further whether the GmMYB84 protein binds to the GmRBOHB genes in vivo, we performed protoplast transient assays. MBSI-mutated promoters of GmRBOHB-1 and GmRBOHB-2 genes were fused into a reporter vector (pGreenII 0800-LUC) with a luciferase (LUC) reporter gene. The results showed that GmMYB84-OE protoplasts induce a more significant increase of LUC expression when driven by the normal promoters of GmRBOHB-1 and GmRBOHB-2 than by the MBSI-mutated promoters (Fig. 9C, D) . These data unequivocally demonstrate that the GmMYB84 TF regulates the GmRBOHB-1 and GmRBOHB-2 genes by directly binding to their promoters.
Discussion
The MYB TF family contains four subfamilies and is one of the largest classes of TFs, functioning in the control of multiple plant-specific processes. R2R3-MYB TFs have always been a research focus because of their important roles in response to various environmental stresses. In recent years, an increasing number of plant R2R3-MYB TFs have been identified and characterized in diverse plant species, including A. thaliana (with 126 currently known R2R3-MYBs) (Chen et al. 2006) , O. sativa (>110 R2R3-MYBs) (Chen et al. 2006) , Populus trichocarpa (192 R2R3-MYBs) (Wilkins et al. 2009 ), Zea mays (157 R2R3-MYBs) (Du et al. 2012a) , G. max (244 R2R3-MYBs) (Du et al. 2012b) and Arachis hypogaea (nine R2R3-MYBs) (Chen et al. 2014 ). However, most reports indicate that drought resistance genes reduce drought stress by restricting plant growth, which is not desirable in agricultural production. Also, few soybean MYB TF genes related to abiotic stresses have been reported. In this study, we isolated and characterized a novel drought-inducible R2R3-MYB gene from soybean, designated GmMYB84 (Figs. 1, 2) . GmMYB84 was induced by a variety of abiotic stresses (Fig. 3) . We found that up-regulation of GmMYB84 depends on ABA under drought stress (Fig. 3C-E) . Soybean GmMYB84-OE lines showed remarkably enhanced drought stress tolerance (Fig. 4A-D) , and the significant drought stress-related genes, GmRD22, GmP5CS, and GmRBOHB-1 and GmRBOHB-2 were highly up-regulated in OE lines (Fig. 8A-D) . Previous studies have demonstrated that water content of plant cells is maintained under drought stress by synthesizing and accumulating various low molecule weight compounds, such as soluble sugars (M. ) and proline . We showed that under drought stress all of the above compounds were significantly higher in OE line roots than in the WT (Fig. 5A, B) . The OE lines consistently exhibited a lower water loss rate and higher RWC% than the WT (Fig. 4E,  F) . Overall, GmMYB84 works as an positive regulator of drought stress by reducing water loss.
The production of ROS such as superoxide, H 2 O 2 , singlet oxygen and hydroxyl radical, which is enhanced by severe drought stress (Mittler 2006) , greatly affects stress tolerance. Under stress conditions, ROS content was consistently increased in GmMYB84-OE lines at 12 h but dropped rapidly at 24 h (Fig. 6A-F) . Also, drought stress disturbed plant normal growth and development (Golldack et al. 2014 , Kidokoro et al. 2015 , and the additional ROS has been proved to affect root development (Foreman et al. 2003) . GmMYB84-OE plants exhibited elongated primary roots as an adaption to drought stress (Fig. 7A, B) . Genes controlling generation of H 2 O 2 , such as AtRbohC, AtRbohD and AtRbohF, are required for root hair tip growth and root length increase in response to ABA in Arabidopsis (Kwak et al. 2003 , Jiao et al. 2013 . PvRbohB has been reported to promote lateral root elongation in Phaseolus vulgaris (Montiel et al. 2012 , Montiel et al. 2013 ). The DPI experiment demonstrated that, under drought stress, WT plants produce ROS to inhibit root growth (Fig. 7) . Therefore, in soybean, AtRboh genes might contribute to the elongated primary root arising from drought stress. However, high levels of ROS create a major problem due to their physicochemical toxicity. Several enzymes, including POD, CAT and SOD (Mittler 2006) , are activated in plant cells to cope with oxidative damage. The contents of SOD, POD and CAT in OE lines were notably increased under mannitol or H 2 O 2 treatment conditions ( Fig. 5C-E) . In addition, the expression of P5CS1, which encodes a rate-limiting enzyme for proline biosynthesis, increased in GmMYB84-OE lines (Fig. 8A) , which is consistent with the higher proline content in OE lines under both normal conditions and drought stress (Fig. 5B) . GmMYB84 overexpression modified expression of ROS-related genes, such as ROS generation genes: NADPH oxidase genes (RBOH genes), GmRBOHB-1 and GmRBOHB-2, which are responsible for ROS generation under drought stress conditions for 12 h (Figs. 8C, D) . We also detected up-regulated expression of CAT (CAT1, CAT2 and CAT3), SOD (FeSOD1, FeSOD2, FeSOD3, Cu/ZnSOD1, Cu/ZnSOD2 and Cu/ZnSOD3) and POD (At5g24070, At4g25980 and At5g19890) genes under H 2 O 2 stress for 24 h ( Fig. 8E-P) . Fig. 6 There is a time course/sequential order between of the ROS and SOD/POD/CAT activity. (A, B) Nitroblue tetrazolium (NBT) stain in primary root tip (from 6-day-old seedlings) and leaf (from 17-day-old seedlings) of GmMYB84-OE and WT seedling controls and after treatment with 300 mM mannitol for 12 or 24 h. The strength of color shows the concentration of O 2 Á -in the root tips or leaves. Scale bar = 2 mm in (A) and 1 cm in (B). (C) Comparison of NADPH oxidase (NOX) activity among GmMYB84-OE and WT plants. (D, E) 3,3-Diaminobenzidine (DAB) stain in primary root tip (from 6-day-old seedlings) and leaf (from 17-day-old seedlings) of GmMYB84-OE, WT seedling controls and with 300 mM mannitol for 12 or 24 h. The strength of color showed the concentration of H 2 O 2 in the leaves. Scale bar = 4 mm in (D) and 1 cm in (E). (F) The H 2 O 2 content in root (from 6-day-old seedlings) and leaf (from 17-day-old seedlings) of GmMYB84-OE and the WT. For (C, F), the OE line indicated a mixture of the three lines: a 100 mg sample of fresh tissue (roots and leaves were isolated separately) of three lines was snap-frozen in liquid nitrogen, powdered and mixted equally. All data are given as the mean ± SE. The asterisks represent significant differences between transgenic lines and WT seedlings as determined by Student's t-test at *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 15).
We conclude that GmMYB84 provides a series of adaptive strategies in soybean under drought stress.
MYB TFs could bind to the MBSI cis-element, TAACTG, during induction by drought (Yamaguchishinozaki and Shinozaki 1993, Abe et al. 1997) . We found the MBSI element present in the promoters of GmRBOHB-1 and GmRBOHB-2 (Fig. 9A) , which contribute to increased drought tolerance of soybean (Solano et al. 1995) and are greatly up-regulated in OE lines under normal and stress conditions. EMSA and LUC data revealed that GmMYB84 binds directly to GmRBOHB-1 and GmRBOHB-2 (Fig. 9B-D) . Therefore, GmMYB84 up-regulates expression of GmRBOHB-1 and GmRBOHB-2, leading to increased soybean drought tolerance.
Based on all this experimental evidence, we propose that GmMYB84 acts as a key gene regulating drought resistance in soybean. Our proposed model (Fig. 10) clarifies the detailed mechanism of how GmMYB84, H 2 O 2 and antioxidant enzymes work together in a finely controlled way to modulate root growth under both optimal and drought stress conditions. We think the difference in primary root length elongation under normal or stress conditions in OE lines may due to the time course/sequential order of the ROS and SOD/POD/CAT activity. We hypothesize that GmMYB84 improves drought stress response and promotes root growth in soybean by upregulating the transcription of GmRBOHB-1 and GmRBOHB-2 after binding to the MBSI in their promoters, increasing H 2 O 2 contents in plants. The higher ROS concentrations then induce SOD/POD/CAT activity.
Materials and Methods
Soybean plants
All soybean materials were of the Williams 82 or V6823 ecotype.
Identification and cloning of GmMYB84
In order to obtain full-length ORFs encoding GmMYB84, we used the Gateway system. Identified ORFs were cloned using cDNA libraries prepared from total RNA extracted from 4-week-old plants of soybean. cDNA libraries were synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen). The primary root length data from seedlings of (A). Scale bar = 5 cm. All data are given as the mean ± SE. OE1, OE2 and OE3 are transgenic soybean lines constitutively expressing GmMYB84 CDS from Williams 82 in soybean cultivar W6823. (C) NBT stain in primary root tip of GmMYB84-OE and WT seedling controls and after treatment with 300 mM mannitol for 48 h. (D) DAB stain in the primary root tip of GmMYB84-OE, WT seedling controls and with 300 mM mannitol for 48 h. (E) The H 2 O 2 content in the root of GmMYB84-OE lines and WT plants. *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bar = 2 mm.
Plant materials and growth conditions
To study organ-specific expression, we extracted the RNA from different organs (root, stem, leaf, flower and seed) of mature soybean, then carried out quantitative real-time PCR (qRT-PCR) analysis. Seeds were germinated in 3 gallon pots containing Pro-Mix. The seedlings were grown in greenhouse conditions: 28/20 C day/night temperatures, photoperiod of 14/10 h, 800 mmol m -2 s -1 light intensity and 60% humidity. When the seedlings had developed four nodes and three fully opened trifoliate leaves (approximately 25 d after sowing), the roots, leaves and stems were collected. Flowers and early R5 stage seeds were harvested at 55 and 100 d after sowing, respectively. To study differential gene expression of GmMYB84 under different abiotic stresses, seeds were germinated in pots containing a 1 : 1 mixture of Turface soil conditioner : sand. The seedlings were grown in greenhouse conditions with a day/night cycle of 16/8 h, 800 mmol m -2 s -1 light intensity, in 60% humidity with 28/20 C day/night temperatures. For salt stress and ABA experiments, 12-dayold seedlings were carefully removed and washed to remove excess soil, then transferred for different times to either distilled water (water control treatment), 300 mM mannitol, 150 mM NaCl or 100 mM ABA.
RNA isolation, DNase treatment and cDNA synthesis
Total RNA was isolated from plants using TRIZOL reagent (Invitrogen). For each sample, 18 mg of total RNA was digested in a volume of 50 ml with Turbo DNAfree DNase I (Ambion) according to the manufacturer's instructions for treatment to remove genomic DNA contamination. After DNase I treatment, RNA concentrations were determined again with the NanoDrop ND-1000 UV-Vis Fig. 8 The expression patterns of abiotic stress-responsive genes in transgenic and WT soybean under normal and abiotic stress conditions. (A) Expression of GmP5CS in WT and OE1 seedlings under drought stress conditions for 12 h. (B) Expression of GmRD22 in WT and OE1 seedlings under drought stress conditions for 12 h. (C) Expression of GmRBOHB-1 in WT and OE1 seedlings under drought stress conditions for 12 h. (D) Expression of GmRBOHB-2 in WT and OE1 seedlings under drought stress conditions for 12 h. (E-P) Expression of ROS-scavenging genes in WT and L1 seedlings under 10 mM H 2 O 2 treatment for 12 or 24 h. CAT1/2/3, catalase 1/2/3; FeSOD1/2/3, Fe superoxide dismutase; Cu/ZnSOD1/2/ 3, Cu/Zn superoxide dismutase; At5g24070/ At4g25980/At5g19890, peroxidase family protein. OE1, GmMYB84-OE soybean plants. L1, GmMYB84-OE Arabidopsis plants. The relative expression patterns of the stress-responsive genes were evaluated using qRT-PCR. The error bars are SDs. Asterisks indicate a significant difference between WT and OE lines by t-test, *P < 0.05, **P < 0.01 and ***P < 0.001. spectrophotometer (NanoDrop Technologies), and first-strand cDNA synthesis was performed on 1 mg of DNase-treated total RNA using the iScript cDNA Synthesis Kit (Bio-Rad) in a reaction volume of 20 ml according to the manufacturer's protocol.
Transgenic soybean plants
To generate the 35Spro:GmMB84 construct for overexpression in soybean, a GmMYB84 coding DNA sequence (CDS) sample was amplified with primers GmMYB84-OE-F and GmMYB84-OE-R. The PCR product was then ligated into the Gateway Õ pDONR TM 221 vector (Invitrogen) using a BP Clonase reaction and then were transferred under the control of the 35 S promoter via the LR reaction into the pB2GW7 binary vector (PSB).
Phylogenetic analysis
The amino acid sequences of GmMYB proteins were aligned using ClustalX v 1.8 software (Thompson et al. 1997 ) with the following parameter set: gap open penalty = 10, gap extension penalty = 0.2. The alignment was adjusted manually, and unrooted phylogenetic trees were constructed by the Neighbor-Joining Fig. 9 GmMYB84 binds to the promoters of GmRBOHB-1 and GmRBOHB-2. (A) The diagram shows MBSI (TAACTG) in the promoters of GmRBOHB-1 and GmRBOHB-2. Red lines showed the sites on the promoters, empty boxes indicate the 5 0 -untranslated region of the genes and black blocks indicate the ATG translation initiation site. (B) The EMSA results of GmMYB84 binding with the MBSI site in the promoter of the target genes. Lanes from left to right: free probe (labeled probe with no protein added) (lane 1); labeled probe with GmMYB84-GST protein (lane 3); GmMYB84-GST binding to the labeled probe competed with 50 Â or 200 Â unlabeled wild-type probes (lanes 4 and 5, denoted by the empty wedge), or competed with the mutant probe sequences (the MBSI was mutated) (lanes 6 and 7, marked by the filled wedge). The reaction of the labeled probe with the GST protein was used as the negative control (lane 2). The arrows indicate the protein-probe complex. (C) Constructs used for transient expression assay. 2 kb GmRBOHB-1 and GmRBOHB-2 promoters were cloned into the pGreenII-0800-LUC vector to drive the expression of the LUC gene, respectively. Mutant indicates the promoter with the MBSI sites mutated. LUC, firefly luciferase; REN, Renilla luciferase. Arrow indicates the promoter and the box indicates coding sequence. (D) Transient assays of GmRBOHB-1 and GmRBOHB-2 expression regulated by GmMYB84. W, reporter construct containing the wild-type target gene promoter-driven LUC; M, reporter construct containing the mutated target gene promoter-driven LUC; +, protoplasts co-transformed with pGreenII-35Spro-LUC and p35Spro:GmMYB84 as positive control; -, protoplasts co-transformed with pGreenII-0800-LUC and p35Spro:GmMYB84 as negative control. The mean and SEs of LUC/ REN activities were obtained from three independent transformation experiments.
method. The confidence levels of monophyletic groups were estimated using a bootstrap analysis of 1,000 replicates. Only bootstrap values >50% are displayed next to the branch nodes.
Analysis of transcriptional activity in yeast of GmMYB84 protein
To investigate transcriptional activity of the GmMYB84 protein, the GmMYB84 CDS in Gateway Õ pDONR TM 221 vector was transferred into the pDEST32 vector (Invitrogen) via an LR reaction. The MaV203 yeast strain, with HIS3 and LacZ reporter genes, was transformed with the generated constructs. Then, to assay transcriptional activity and b-galactosidase expression, the yeast transformants were streaked on selective medium with or without added histidine, leucine and 3AT (Sigma). The protocol was as recommended by the supplier of the ProQuest TM Two-Hybrid System (Invitrogen).
Subcellular localization of GmMYB84
Individual GmMYB84 sequences were fused to GFP and inserted into the p2FGW7 transient expression vector (PSB) in which the fusion protein coding sequence is driven by the 35S promoter. Protoplasts were prepared from rosette leaves of 4-week-old A. thaliana seedlings, and the transgene introduced using polyethylene glycol (PEG)-mediated transformation as described in Yoo et al. (2007) . GFP was detected by laser scanning confocal microscopy (LSM 700, Carl Zeiss) following a 16 h incubation in the dark at 22 C. The 35 S::GFP (X. ) and transgenic protoplasts were used as localization controls for expression in the cytoplasm/nucleus.
Measurement of proline and soluble sugar contents
Free proline contents in plants were estimated following the methods of Plant samples (100 mg) were suspended in 1 ml of sulfosalicylic acid (3%) and homogenized using a mortar; the mixture was then mixed and centrifuged at 13,000 r.p.m. for 15 min at 4 C. The supernatant (200 ml) was transferred to a new tube, and 200 ml of acid ninhydrin and 200 ml of acetic acid were added. The reaction mixture was boiled in a water bath at 100 C for 1 h, and then held at 4 C for 30 min. After 800 ml of toluene was added to extracts, the mixture was vortexed for 15 s and 700 ml of the toluene phase was removed for spectrophotometric measurement of the absorbance at 520 nm. To measure the soluble sugar content, frozen leaf material (0.3 g) was extracted with 10 ml of H 2 O at 100 C for 10 min. The extracts were filtered and analyzed for soluble sugar content using the anthrone-sulfuric acid method. In brief, 1 ml of the extract was mixed with 1 ml of H 2 O, 0.5 ml of anthrone reagent (1 g of anthrone in 50 ml of ethyl acetate) and 5 ml of concentrated sulfuric acid, and then heated at 100 C for 1 min. After cooling, the mix was analysed using UV spectrophotometry at 630 nm.
Enzyme assays
Total POD activity was measured by monitoring the oxidation of 3,3 0 -dimethoxybenzidine at 470 nm (Zong et al. 2009 ). Total CAT activity was assayed by measuring the rate of decomposition of H 2 O 2 at 240 nm.
DAB and NBT staining
The whole seedlings of 6-day-old (for root stain) or 17-day-old (for leaf stain) soybean were treated with 300 mM mannitol (with controls) for 12 or 24 h in 1/2 Hoagland solution before staining. The whole treated 6-day-old seedlings were stained to visualize localization in roots, and detached leaves from treated 17-day-old seedlings were stained separately. For DAB staining, the samples were immersed in DAB solution (CSB-K09758AB-2, CUSABIO) for 12 or 24 h and then in 95% ethanol to decolor. For NBT staining, the samples were first immersed in NBT stain solution (AR-0632, DINGGUO) until the dark blue color appeared (about 10 min for roots and 3 h for leaves), and then in 95% ethanol. Photographs were taken with a stereo microscope (SZX16, OLYMPUS).
Quantification of H 2 O 2 content and NOX activity
Prior to H 2 O 2 measurement, soybean tissues (root or leaf) were excised and immersed for 1 h in phosphate-buffered saline (PBS) solution containing 0.5 mg ml -1 NBT. The staining reaction was stopped by the addition of an excess of 70% (v/v) methanol. Tissues were rinsed in fresh 70% (v/v) methanol and then observed and photographed using a stereomicroscope (SMZ-800, Nikon). H 2 O 2 content was determined following the protocol of the H 2 O 2 Colorimetric Assay Kit (Beyotime). A 150-300 mg sample of fresh tissue was snap-frozen in liquid nitrogen and powdered in a mortar together with 1.5 ml of frozen 5% (w/v) trichloroacetic acid (TCA) and 45 mg of activated charcoal. The homogenate was centrifuged at 18,000 Â g for 10 min at 0 C, and the resulting supernatant filtered through a 45 mm nylon filter. The pH of the filtrate was adjusted to 8.4 with NH 4 OH. After refiltration, a 100 ml aliquot was mixed with 100 ml of the colorimetric reagent, and the reaction mixture held for 30 min at 30 C. The intensity of the color that developed was spectrophotometrically assessed at 560 nm.
Assays for transient gene expression
To study whether GmMYB84 can bind to drought-induced motifs or promoters to regulate expression of the target gene, the pGreenII 0800-LUC vector system (Hellens et al. 2005 ) was used and the promoters were cloned into the vector to generate reporter constructs. The primers used to clone the promoters or to generate the mutation are listed in Supplementary Table S1 . For assay of transcription activity, each reporter construct, together with either 35Spro:GmMYB84 construct, was co-transformed into Arabidopsis (Col-0) protoplasts using the same method as described in 'Subcellular localization of GmMYB84'. The signals from Firefly and Renilla luciferases were assayed using the Dual-Luciferase Õ Reporter Assay System (Promega).
Expression of recombinant GmMYB84 protein and EMSA
Full-length GmMYB84 protein fused with a glutathione S-transferase (GST) tag was expressed in the vector pGEX-T in the Escherichia coli strain BL21. Fig. 10 Proposed model depicting the function of GmMYB84 in the regulation of drought stress tolerance.
Bacteria containing the GmMYB84 expression construct or the empty vector were induced with 0.5 mM isopropylthio-b-galactoside for 3 h at 18 C. The GST-tagged protein was purified using nickel affinity columns (QIAexpress Õ Ni-NTA Fast Start, QIAGEN) following the manufacturer's instructions, and subsequently dialyzed overnight against 20 mM Tris-HCl, pH 7.5 at 4 C. The DNA oligonucleotide probes sequences are listed in Supplementary Table S1 . Two complementary strands of the oligonucleotides were annealed by heating probes to 95 C for 3 min and then allowing probes to cool to room temperature naturally. Freshly prepared recombinant GmSIN1 protein (100 ng) was incubated at room temperature for 20 min with the DNA probe (20 fmol) using the LightShift Chemiluminescent EMSA kit (Roche) in the presence or absence of unlabeled competitor DNA. The resulting protein-DNA complexes were electrophoresed on 5% (w/v) polyacrylamide gels, and then transferred to positively charged N + nylon membranes in 0.5% trisborate/EDTA buffer at 380 mA at 4 C for 60 min. Detection of biotin-labeled DNA was performed according to the manufacturer's instructions.
Supplementary data
Supplementary data are available at PCP online. 
